Aluminum, a trivalent cation unable to undergo redox reactions, is shown to faciliate iron-initiated DOPA oxidation in the melanin pathway under acidic condition of pH 5.5, which is a favored medium for aluminum facilitation of iron-induced lipid peroxidation. In the process of oxidation of DOPA to melanin in the presence of the metal ions, Fe 3+ and H2O2 oxidize DOPA to dopachrome (DC), then Al 3+ catalyzes the conversion of DC to 5,6-dihydroxyindole (DHI) and finally Fe 3+ oxidizes DHI to indole-5,6-quinone (IQ), which polymerizes immediately to melanochrome and melanin. The reactions involve the intermediate complexes of metal ions and DOPA or its derivative. The present results indicate that aluminum can enhance the oxidative stress on iron-mediated DOPA oxidation in melanin pathway under acidic condition through the cooperation of iron and aluminum ions.
Introduction
Aluminum is an abundant metal found in the earth's crust and not known to be essential for any biological processes. Over decades, due to the advent of technology and the introduction of a variety of chemicals into the atmosphere, acid rains have led to the mobilization of this metal. It has been suggested that elevated levels of aluminum in brain tissue correlate with occurrence of neurologicals brain disorders such as Alzheimer's disease (AD) and Parkinsonism dementia (PD). [1] [2] [3] However, the mechanism for aluminum neurotoxicity has not been well established.
Oxidative injury has been suggested to contribute to neurodegenerative disorders. Aluminum is not a transition metal and therefore cannot initiate oxidative injury. However, several investigations have provided evidence that aluminum has the ability to potentiate the iron-mediate lipid peroxidation [4] [5] [6] [7] [8] and to exacerbate reactive oxygen species (ROS) formation. 9, 10 Moreover, the peroxidation is greater at pH 5.5 than at 7.4 in many cases. [4] [5] [6] Inflammatory events appear in the aged and diseased brain [11] [12] [13] [14] and generally induce locally acidic conditions. 4, 6, 12, 15 The release of metal ions such as iron and aluminum from metalloproteins is induced by a mildly acidic environment. 12, [16] [17] [18] [19] [20] It has also been demonstrated that iron and aluminum accumulation within neuromelanin granules is significantly increased in PD patients. [21] [22] [23] Melanization can occur as a consequence of cell oxidative stress such as inflammation or PD. 24, 25 Recent studies suggest that neuromelanin may be a double-edged sword, having the potential to be either cytotoxic or neuroprotective depending upon the cellular environment, such as the concentration of iron and the interactions between dopamine, neuromelanin and iron. 22, 23, 26, 27 DOPA, biosynthesized from tyrosine and as a dopamine precursor, is a major treatment for the symptoms of PD and can synthesize melanin through a complex series of enzymatic and chemical reactions. [28] [29] [30] [31] [32] [33] It is known that aluminum ions can bind to catechol and o-semiquinone radical centers within melanin polymers to yield chelate complexes, [34] [35] [36] but the mechanism of enhancement oxidation of catechol by aluminum ions is unclear. 37 Several enzymes, including glycollate and urate oxidases, liberate H2O2 during their action and hydrogen peroxide may also be actively generated during non-enzymatic reactions, the major source being the dismutation of the superoxide anion radical. [38] [39] [40] [41] The lens of the human eye contains micromolar concentrations of H2O2; H2O2 vapor has been detected in expired human breath. 38 The H2O2 level tends to rise particularly with aging and PD when the level of glutathione peroxidase as well as those of other detoxifying enzymes is considerably lower. 40 In the presence of H2O2, tyrosinase, 29 lipoxygenase, 31, 39 cytochrome c, 40 and xanthine oxidase 24 are able to produce melanins from catecholamine oxidation. Since tyrosinase has not been found in the brain, the synthesis of neuromelanin by autooxidation of catecholamine and other enzymes is considered. 24, 40, 42 The analysis techniques of spectrophotometry and cyclic voltammetry are very useful and convenient for determining the inter-products and monitoring the reaction process. In the present study, we examined the effects of aluminum ions on iron-induced DOPA to produce melanin under mildly acidic conditions and the cooperation of aluminum and iron ions on the conversion of DC, which is a key step in biosynthesis of melanin. [43] [44] [45] The results suggested that aluminum ions stimulate iron-induced oxidative stress for DOPA. 
Materials and Methods

Materials
L-DOPA was purchased from Acros Organics, Swiss. Other chemicals used were of analytical grade. Buffer solution (pH 5.5) was prepared by NaAc and HAc. Aluminum stock solution (0.02 mol/L, pH 3) and iron stock solution (0.01 mol/L, pH 3) was prepared by KAl(SO4)2·12H2O and FeCl3, respectively.
Dopachrome preparation
Dopachrome (DC) was prepared by mixing 5 mmol/L DOPA in HAc-NaAc buffer with sufficient solid MnO2. The mixture was vigorously shaken for about 10 min and then left to stand. The DC solution was obtained by means of decantation. It was stable for at least 2 h (at 15˚C), which is in accord with the reference. 46 The concentration of DC was determined by a spectrophotometric method.
Instruments
All spectra in the experiments were obtained from a 7530G UV-spectrophotometer (HP-Shanghai Analytical Instrument Ltd., China). The data for each run were collected and stored in software.
An AVATAR 360 FT-IR (Nicolet) spectrophotometer with KBr disk was used for recording the IR spectrum. All experiments were carried out at about 15˚C.
A CHI 660a electrochemical workstation (Shanghai Chenhua Instrument, Inc., China) was used for cyclic voltammetry. A three-electrode voltammetric system consists of a glass carbon working electrode (4 mm in diameter), a platinum counter electrode, and a saturated Ag/AgCl reference electrode. The glassy carbon electrode was polished on abrasive paper (2000 mesh) with water, then sonicated in twice-distilled water for 3 min. The solution in the electrolytic cell was bubbled by nitrogen gas.
Results
Aluminum facilitation of iron-mediated DOPA oxidation
Since acidic pH value is favored for lipid peroxidation, age pigment formation 6 and the effect of aluminum ions on ironmediated lipid peroxidation, and the aggregation of β-peptide, [4] [5] [6] 47 the effect of Al 3+ ions on the DOPA oxidation was tested at pH 5.5. Al 3+ ions alone do not stimulate DOPA oxidation (Fig. 1A) . As expected, 28, 48 Fe 3+ can oxidize DOPA at the acidic condition (Fig. 1B) . DC formation was followed at 475 nm (ε = 3600 L mol -1 cm -1 ), 49 whereas the change in absorbance at 650 nm was used to follow melanin formation. While melanin results in general increase in absorbance, the value at 650 nm was chosen as an index of melanin polymerization to avoid absorption due to intermediates. It was observed that Al 3+ ions greatly increased the rate of the ironmediated DOPA oxidation, measured either by the formation of DC (A475) or by the production of melanin (A650) at pH 5.5 ( Figs. 1 and 2) .
Figures 2A and 2C show that aluminum ions influence the formation of DC and melanin. The formation rates of both DC and melanin were more rapid in the presence of Al 3+ than in its absence. The DC accumulation increases continuously in the absence of Al 3+ , but firstly increases and then decreases in the presence of Al 3+ (Fig. 2D ). This suggests that Al 3+ influences the DC conversion reaction.
When the concentration of aluminum ions is rather high as compared with the concentrations of Fe 3+ and DC, the melanochrome (λmax = 530 nm) 29, 49, 50 accumulated in the reaction process (Figs. 1D and 2B) . A similar phenomenon is also observed in the presence of Zn 2+ . 51, 52 The formation rate of DC from DOPA oxidation catalyzed by iron in the presence of a great quantity of aluminum approximates to that in the absence of aluminum in the early reaction process. However, aluminum can keep the catalytic ability of iron for more time and the formation rate of DC catalyzed by iron in the presence of aluminum decreases more slowly than in the absence of aluminum ( Fig. 2A) . This suggests that the DOPA oxidation process depends upon the relative concentration of Al 3+ . The infrared spectrum was recorded for the final black precipitation that was washed by water several times and dried. The IR spectrum (Fig. 3) , characterized by four prominent bands at 3423, 1627, 1491 and 1400 cm -1 , is similar to the spectrum in Ref. 37 . The 1627 cm -1 peak is near the position for an aromatic ring, carboxylate and the complex of o-quinone and metal ions. The 1491 cm -1 peak is due to metal ionscatechol complex and the 1400 cm -1 peak belongs to carboxylate ion.
37,53
The conversion of DC catalyzed by aluminum and iron ions
The synthesis of melanin can be divided into two phases. 32 The first part of the pathway, which is fairly well understood, leads from DOPA to DC. The second part of the pathway, from DC to melanin, can proceed through several incompletely known reactions which influence the reaction rate, the intermediates and the melanin structure. It has been reported that several transition metal ions can catalyze the DC conversion and influence the 5,6-dihydroxyindole (DHI) to 5,6-dihydroxyindole-2-carboxylic acid (DHICA) ratio. 32,43,54,55 Figure 4 shows the course of DC conversion in the presence of aluminum and iron ions at pH 5.5. Al 3+ ions markedly accelerated the rate of decreasing of DC absorption at 475 nm, whereas Fe 3+ ions had only a slight influence on the reaction course in the system from which oxygen was removed by bubbling N2. Inspection of the spectral changes (Fig. 5) accompanying the DC conversion reaction in the presence of Al 3+ with or without removing oxygen showed the progressive disappearance of the absorption maxima of DC at 475 and 305 nm and the concomitant formation of a DHI at 298 and 274 nm. 49, 56 DHI is slowly oxidized by reactive oxygen species to indole-5,6-quinone (IQ, λmax = 460 nm) and then immediately polymerizes to melanins. This suggests that Al 3+ can markedly catalyze the conversion reaction of DC to DHI. Figure 6 shows the course of DC conversion in the presence of both Al 3+ and Fe 3+ in the system from which oxygen was removed by bubbling N2. The maxima of DC at 475 and 305 nm progressively decreased and simultaneously the melanin was produced. This result suggests that cooperation of Al 3+ and Fe 3+ catalyze the formation of melanin from DC even under anaerobic condition.
As shown in Fig. 7 , the course of melanin formation was markedly influenced by metal ions in the presence of H2O2. Al 3+ alone had little influence on melanin formation from DC, whereas Fe 3+ greatly catalyzed oxidation of DHI to melanin. Cooperation of both Al 3+ and Fe 3+ has more ability to catalyze oxidation of DC to melanin than Fe 3+ alone.
Cyclic voltammetric analysis
The cyclic voltammetric analysis is very useful and convenient in determining the redox behavior of catecholamine and its derivative. The DOPA oxidation peak and the corresponding dopaquinone reduction peak appear at about 0.30 and 0.25 V, respectively (Fig. 8, curve a) . Another set of peaks at the most negative potentials are DC reduction peak at about -0.15 V and the leucodopachrome oxidation peak at about -0.10 V (Fig. 8, curve b) . In the middle, there is an irreversible DHI oxidation peak at 0.20 V, corresponding to a coupled chemical reaction (Fig. 8, curve c) . DC is a fairly stable compound (about 1 -2 h) even in the presence of O2 or H2O2. If aluminum ions are present, the orange-red DC is quickly bleached to colorless DHI and the DHI oxidation peak increases markedly in the cyclic voltammogram.
Discussion
The previous investigations have demonstrated that Al can increase the rate of iron-induced lipid peroxidation and that the effect of Al was favored by decreasing the pH of the medium. 4, 5, 8 It is reported that Al 3+ has only a slight influence on the DC conversion at pH 6.8. 43 In the current study, we have shown that aluminum also can greatly catalyze the DC conversion to give DHI and can enhance the oxidation of DOPA to melanin when the pH of the medium is 5.5. Since aluminum exists in the oxidation state (III), it is not possible that aluminum can initiate the oxidation of DOPA. Consequently, aluminum should exert its effects by different mechanisms than most of the metal ions which have redox capacity.
It is reported that a number of transition metal ions exert a profound influence on both the kinetics and chemical course of the conversion of DC, a key step in the biosynthesis of melanins. 32, 33, 43, 54, 57 Under acidic conditions, it is found that Al (Fig. 2D) . Therefore, the cooperation of both Al 3+ and Fe
3+
can increase the oxidation of DOPA to melanin. Aluminum and iron ions can bind with DOPA and its derivative to yield chelate complexes quickly. 28, 34, 35, 58, 59 The spectrum of iron-DOPA complex shows the maxima at 435 -442 nm and 660 -700 nm, 28 which is also observed in Fig. 1 . From these experiments we postulate the following reaction Scheme 1 involving the intermediate complex of metal ions and DC, in close analogy with the copper and zinc-catalyzed conversion of aminochromes. 43, 60 When the concentration of aluminum ions is rather high compared with the concentrations of iron and DC, competitive reactions of Al 3+ and Fe 3+ with DOPA and its derivative exist. The rate of DOPA oxidation catalyzed by Fe 3+ in the presence of a large quantity of Al 3+ is lower than the rate in the presence of appropriate Al 3+ but approximately the same as the rate in the absence of Al 3+ in the early reaction process. However, the rate of iron precipitation by melanin decreases in the presence of Al 3+ compared to the rate in the absence of Al 3+ in the latter reaction process, which extends the catalytic effect of iron ( Figs. 1 and 2) . The melanochrome accumulation proves that a large quantity of aluminum ions chelate the melanochrome, a low polymer or a mixture of polymers formed from the IQ, to form complexes.
According to the oxidation potentials, the easiest oxidation compound is leucodopachrome, followed by DHI and DOPA. Leucodopachrome is oxidized very easily and rapidly to DC. Fe 3+ can oxidize DOPA to dopaquinone 28 and by analogy DHI can be oxidized by Fe 3+ (Scheme 1, III). Because of being in an oxidation state, DC is not oxidized directly by an oxidative reagent. If DC is converted to DHI and DHICA, they can be oxidized to the corresponding indolequinones, IQ and IQCA, which polymerize to melanin quickly.
Therefore, the conversion of DC is an important step in the melanin pathway. In the process of oxidation of DOPA to melanin, aluminum ions can greatly catalyze the conversion of DC to DHI and iron ions can largely catalyze the oxidation of DHI to IQ. The cooperation of both aluminum and iron functions leads to enhancement of DOPA oxidation stress.
On the other hand, it is now well accepted that natural melanins are produced by copolymerization of DHI and DHICA. 61, 62 Such DHICA-melanins have a higher chelating capacity and a more pronounced antioxidant oxidative ability than the DHI-melanins. 31, [63] [64] [65] Therefore, Al 3+ may also influence the melanin toxicity by means of increasing the ratio of DHI to DHICA.
In conclusion, aluminum facilitation of iron-mediated oxidation of DOPA to melanin is conditional. An acidic environment would influence the oxidative stress of the cooperation effect of aluminum and iron ions. Cooperation of the conversion of DC dramatically catalyzed by aluminum and the oxidation of DOPA and DHI greatly catalyzed by iron can markedly increase the oxidative stress in the melanin pathway.
